During the production of high quality recycled water (HQRW) by means of reverse osmosis (RO) membrane filtration, chloramines (used to avoid biofouling) can generate disinfection by-products (DBPs) which could ultimately end up in the product water. This paper compares the fate of DBPs and organic halogen content generated during the production of HQRW under two different disinfection strategies employed prior to RO filtration: (i) in line-formed chloramines with a short contact time between secondary effluent and disinfectant versus (ii) pre-formed chloramines with a long contact time between secondary effluent and disinfectant. In general, pre-formed chloramines formed less trihalomethanes (THMs) in comparison to in line-formed chloramines even after a longer contact time. However, pre-formed chloramines still generated iodo-THMs (I-THMs) which are of concern since they are suspected to be more toxic than their chlorinated and brominated analogues. I-THMs were very effectively reduced by the advanced oxidation process placed after the membrane process. Chloramines also form other halogenated by-products whose identity is unknown. In this study, more than 95% of total organic halogen formed by chloramines was rejected by the RO membranes although the reduction of targeted low molecular weight DBPs was only around 50%.
INTRODUCTION
The growing demand for reliable water supplies by municipal communities and industry requires the exploration of novel approaches as traditional methods of harvesting water are under stress. The production of high quality recycled water (HQRW) for indirect potable reuse is a valuable option to meet this challenge (Rodriguez et al. ) .
The South East Queensland Water Strategy (Queensland Water Commission ) delivers a plan to meet water supply requirements for the area in the next 50 years. The production of HQRW for augmentation of drinking water supplies within the framework of the Western Corridor Recycled Water Project (WCRWP) plays an important role in this water supply strategy and is the largest indirect potable reuse project in the Southern Hemisphere. HQRW production at the advanced water treatment plants (AWTPs) is based on the treatment of secondary effluent through coagulation, micro-or ultra-filtration membranes (MF/UF), and reverse osmosis membranes (RO) followed by an advanced oxidation process (AOP), stabilization, and final chlorination.
A major limitation in membrane filtration of secondary wastewater effluent is a potential reduction of the permeate flux due to membrane fouling caused, in part, by the formation of biofilms on the membrane surface. This can be alleviated by disinfecting the effluent upstream of the membranes, a practice that most commonly uses chloramines which the membrane surface tolerates better than free chlorine (Bartels et al. ) . Chloramines are mild oxidants that react with natural organic matter (NOM), anthropogenic contaminants and bromide/iodide present in waters generating disinfection by-products (DBPs). Toxicological studies have shown that the chlorinated hydroxyfuranone known as MX found at subnanomolar levels in some drinking waters (Onstad et In the future, HQRW is likely to be used in processes where the water is in direct or indirect contact with humans and it will be essential to ensure that the disinfected water quality approaches that of drinking water standards.
Since DBPs are a component of these standards, processes will need to be implemented to either reduce their formation or remove them once formed. In a study of DBP formation in chlorinated reclaimed water (National Research Council ) the sum of the four chlorine-and bromine-containing trihalomethanes (THMs) was 35-86 μg/L and the sum of five HAAs was 99-262 μg/L representing the DBPs for which standards exist in drinking water. Three other classes of DBPs were measured at concentrations sometimes approaching levels two to three orders of magnitude higher than reported in chlorinated drinking water including aldehydes (21-114 μg/L), chloral hydrate (44-76 μg/L), and haloacetonitriles (14-33 μg/L). Krasner et al. (a, b) studied regulated and emerging DBPs and the potential for their formation in secondary wastewater effluents. They observed that after nitrification processes and when disinfecting the water with chloramines (which is similar to what is done on the WCRWP) the THMs, trihaloacetic acids and dihaloacetic acids were at concentrations up to 4.1, 8.6, and 14 μg/L, respectively, and haloacetonitriles as high as 12 μg/L. Dihalogenated and trihalogenated acetaldehydes were detected at concentrations up to 6.4 and 2.0 μg/L, respectively. Since DBPs are formed in disinfected secondary effluents, understanding their occurrence and fate across the membranes employed in HQRW facilities is important so that their levels can be controlled if the water is to be used for supplementing drinking water supplies or to be in contact with humans.
Chemical rejection in RO membranes has been reported to be higher for (i) larger, (ii) more hydrophobic and (iii) more negatively charged contaminants (Bowen & Welfoot ; Bellona et al. ; Kim et al. ) . Rejection is more effective for negatively charged contaminants because active layers are usually negatively charged above pH¼6, and thus anions are excluded by the Donnan exclusion mechanism. Accordingly, acids (such as HAAs) and inorganic ions such as bromate, chlorite and chlorate, which are associated with some disinfectants, would most likely be excluded by the Donnan mechanism in the active membrane layer to a larger extent than neutral species (such as THMs) and organic bases. Research on DBPs in water treatment processes has been almost exclusively performed in the domain of drinking water, but since those production processes rarely incorporate RO membranes little data are available on such membrane performance and its potential as a barrier for DBPs. This paper investigates the formation and fate of DBPs across an AWTP located in Brisbane (Australia) under two different disinfection strategies, with special emphasis on DBP rejection by RO membranes as a means of managing their presence in HQRW.
EXPERIMENTAL METHOD
Grab samples were collected at six different points in the Bundamba AWTP located in Brisbane (Australia) during four sampling campaigns from January 2010 to November 2010. Prior to each sampling event the plant specified the use of one of two disinfection strategies with chloramines, each implemented at least 15 days before sample collection.
The source water for this plant is secondary effluent coming from four wastewater treatment plants (WWTPs) that include biological nutrient removal and typically achieve total nitrogen levels of 5 mg/L or lower. The total organic carbon value is around 10 mg/L in the source water. Iodine-containing THMs (I-THMs) were formed after disinfection and remained persistent through RO treatment. This is of particular concern since it has been shown that The RO membrane rejected 56.0% of the known OX which is higher than the 39.2% rejection measured during disinfection strategy 1. During strategy 2 more haloketones 
RESULTS AND DISCUSSION

CONCLUSIONS
The formation and fate of halogenated organic compounds during the production of HQRW was evaluated at full scale with two different pre-disinfection strategies used to control biofouling on RO membranes. From this study the following conclusions can be drawn:
• Pre-formed chloramines, even after longer contact times, generate lower concentrations of THMs than in lineformed chloramines. However, pre-formed chloramines also generate iodo-THMs (especially chlorodiiodomethane) which can be of particular concern due to the higher toxicity of this compound compared to its chlorinated and brominated analogues. In the present treatment train, I-DBPs are completely reduced by the UV/H 2 O 2 AOP.
• Around 50% of measured organic halide was rejected by RO membranes at the AWTP (39.2 and 56.0% in strategy 1 and strategy 2, respectively). Specific rejections for individual DBPs varied with low rejection for haloacetonitriles and high rejection for haloketones.
• Measured organic halide at the RO permeate was lower when using pre-formed chloramines as disinfectant in comparison to in line-formed chloramines.
From the data presented, it can be concluded that the use of pre-formed chloramines to protect membranes against biofouling will reduce DBP formation in the final product water compared to in line-formed chloramines. 
